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PATHS  AND  IONIZATION  LOSSES  OF  PROTON  ENERGY  IN  DIFFERENT  SUBSTANCES 
I.M.  Vasilovskiy,  I.  I.  Karpov,  V.  I.  Petrukhin,  Yu.  D.  Prokoshkin 


1 .  Introduction. 

Ionization  energy  losses  of  charged  particles  in  a  substance 
are  described  by  the  well-known  Bethe-Bloch  formula, 


fO)-  • 


However,,  if  in  this  formula  we  use  corrections  C-\,  which  consider 
the  connecytion  of  the  electrons  only  on  the  K  and  L  shells  of  the 
atoms  [  1  ], -^heji"  magnitudes  of  the  ionization  potentials.  X  (  which,  by 
definition,  must  not  depend  on  the  velocity  of  the  particle  j8  )'  in 
region  of  low  proton  energies  (E  < 100  MeV)  for  heavy  elements  prove 
to  be  considerably  larger  than  those  at  high  energies, [2,  3,  4]. 

The  calculation  of  corrections  of  d  ,  which  are  connected  with  the 
effect  of  density,  does  not  change  this  deduction,  since  at  energies 
E4700  MeV  magnitudes  of  ^  are  insignificant  [5]. 

In  the  high  energy  region  corrections  Ci  are  small,  and  the 
error  in  their  determination  has  little  effect  on  the  accuracy  of 
measurement  of  the  ionization  potentials.  When  the  energy  E  is  de¬ 
creased,  the  corrections  Ci  are  rapidly  increased,  and  together  with 
Ck  and  Cl  a  substantial  role  should  be  played  by  corrections  for  the 
higher  electron  orbits  (C^,  ...).  To  determine  these  corrections 

(the  theoretical  data  about  which  are  as  yet  absent)  a  semiempirical 
procedure  [6,  7]  was  proposed:  by  analogy  with  Cj(  and  Cl  the  total 
correction  C  is  approximated  by  the  polynomial 

C  ■  Z  C.  •  Z  a .  . 

a  j _ •  •  (?) 


where  f*  /(I- ^ 


Coefficients  aj  are  selected  so  that  formula 


(1)  would  describe  well  the  experimental  data  with  ionization  poten¬ 
tials  I  not  dependent  on  energy  [?]•  This  procedure  is  equivalent 
to  the  fact  that  values  of  I  are  found  from  data  obtained  at  high 
energies,  and  for  low  Energies,  on  the  basis  of  relation  (1)  and 
experimental  data  on  ionization  energy  losses  and  paths,  the  correc¬ 
tions  C  are  determined.  Thus  studies  of  ionization  losses  in  the 
region  of  high  energies  are  the  main  source  of  the  experimental  in- 
formation  necessary  for  the  correction  of -neJ.a^rireH-.Cl ),  and  determina- 
tion  of  magnitudes  of  ionization  potentials  I. 

The  purpose  of  this  work  was  to  measure  the  magnitudes  of  ioni¬ 
zation  losses  dE/ds,  paths  R  and  ionization  potentials  I  at  a  proton 
energy  of  E  670  MeV.  The  measurements  were  taken  by  the  relative 
method  for  different  substances  of  x,  and  the  magnitudes  of 

j  — 

qx=  ( dE/ds) x/ ( dE/ds and  were  found.  Quantities  qx  and 

^x  weakly  depend  on  the  energy  E-r" 

♦AE)«,,(B)(Ut-S^),  (3) 

where  at  E=200-600  MeV,  ar(2-4)*l0”2  for  different  substances.  The 
proton  energy  was  determined  with  an  accuracy  of  2  MeV.  This  error 
in  the  measurement  of  E  corresponds  to  the  indeterrainancy  in  qx> 
equal  to  (0. 5-4)  •  10“^ ,  which  is  less  than  the  error  of  measurements 
of  qx  by  an  order  of  magnitude.  .ff,.,-  ^  '  ) 

Measurements  of  qx  and  make  it  possible  to  determine  the 
magnitudes  of  relative  ionization  potentials  I'x=Ix/^Al  and,  after 
normalization,  the  known  value  of  Iai»  and  to  find  the  ionozation 
potentials  of  different  substances  lx-  Magnitudes  of  weakly  de¬ 
pend  on  Iai: 

«:»*!  XUb  — IJ—).  (4) 

where  b=1/15.  The  indeterminancy  of  quantity  Iai  does  not  exceed 
2%.  This  corresponds  to  a  determination  error  of  equal  to  1.5'10~3 
which  is  less  than  the  experimental  error  of  by  an  order  of  mag¬ 
nitude. 

2.  Procedure  of  measurements. 


Measurements  of  paths  and  ionization  losses  of  proton  energy  for 
Al,  Cu,  Sn,  and  Pb  were  taken  on  the  derived  proton  beam  of  the 


synchrocyclotron  of  the  Laboratory  of  Nuclear  Problems  of  OIYal 
[Joint  Institute  of  Nuclear  Research].  The  proton  beam  was  shaped 
by  means  of  a  deflecting  magnet  and  a  system  of  collimators.  Char¬ 
acteristics  of  the  beam  were  investigated  earlier  by  the  method  of 
the  magnetic  sprectrometer  [8].  The  distribution  of  protons  with 
respect  to  energy  E  is  described  by  the  Gaussian  curve  with  the 
standard 

A,-(2.84p,S)  MeV  (5) 

The  mean  energy  of  the  protons  in  the  beam  depended'  on  conditions  of 
the  beam  extraction  from  the  synchrocyclotron  and  was  measured  with 
in  limits  of  660  to  670  MeV. 

Paths  of  protons  in  different  substances  were  determined  by  the 
method  of  the  Bragg  curve.  A  diagram  of  the  experiment  is  given  on 
Fig.  1.  Placed  into  the  proton  beam  were  two  thin-walled  ionization 
chambers  8  cm  in  diameter,  IK1  and  IK2,  and  located  between  these 
were  the  main  filter  F  of  the  substance  being  studied  and  an  addi¬ 
tional  wedge-like  filter.  Placed  behind  the  ionization  chamber  IK2 
was  a  small  mobile  scintilllation  counter  C,  which  operated  in  the 
integral  mode.  The  profile  of  the  beam  was  determined  by  this  coun¬ 
ter,  and  its  adjustment  was  made  with  an  accuracy  better  than  1  mm. 
The  current  of  the  ionization  chambers  was  measured  by  means  of 
electroraetr ical  amplifiers  EMU-1  and  recorded  by  recording  potenti¬ 
ometers  EPP-09.  To  avoid  pickups,  the  ionization  chambers  and  trans 
mission  channels  and  feed  channels  were  carefully  screened.  The 
power  feed  of  the  chambers  was  accomplished  from  shielded  galvanic 
elements. 

The  first  chamber  IK1  measured  the  intensity  of  the  proton  beam 
going  to  the  filter,  and  determined  by  chamber  IK2  was  the  Bragg 
curve  B(s)  -  the  dependence  of  the  current  of  the  ionization  chamber 
on  the  thickness  of  the  suppressor  filter  s.  In  the  process  of  mea¬ 
surements,  the  thickness  s  was  measured  (by  means  of  movement  of  the 
wedge)  synchronously  with  movement  of  the  tape  of  the  potentiometer, 
on  which  a  continuous  recording  of  the  Bragg  curve  was  made.  At  the 
same  time  of  the  recording  of  the  Bragg  curve,  datum  marks,  which 
correspond  to  the  recorded  values  of  the  wedge's  thickness,  were 
applied  to  the  tape.  The  standard  Bragg  curve  is  given  on  Fig.  2. 
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Fig.  1.  Diagram  of  the  experiment.  P  -  proton  beam,  K  -  output  col¬ 
limator,  IK1  and  IK2  -  ionization  chambers,  1  -  high-voltage  electrode, 
2  -  signal  electrode,  3  -  remote  movable  electrode,  Q  -  wedge-like 
electrode,  F  -  main  filter,  C  -  scintillation  counter,  EMU[^M^]  - 
electrometric  amplifier,  SI  [CM]  -  system  of  precise  display  of  posi¬ 
tion  of  wedge,  I[M]  -  integrator,  EPP[3  nfl  ]  -  recording  potentiometer. 
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Fig.  2.  Bragg  curve  for  protons  in  copper  when  E=660  MeV. 


Distance 


between  filter  F  and  central  electrode  of  chamber  IK2  =8  cm.  B(s) 

-  results  of  measurements.  Calculation  curves  successively  consider 
[9]:  scattering  of  beam  protons  with  respect  to  energy  and  fluctuation 
of  losses  of  energy  (Bq),  multiple  Coulomb  scattering  (B-|),  nuclear 
interaction  (B2),  and  meson  formation  (B3).  Key:  (1)  relative  units; 
(2)  g/cm2. 


Two  wedge-like  filters,  aluminum  and  copper,  were  used  in  mea¬ 
surements  of  the  paths  R.  The  main  filters  F  were  made  of  graphite, 
aluminum,  copper,  and  lead.  The  thickness  of  the  filters  s  (in 
g/cm^)  was  determined  by  the  weighing  and  measuring  of  dimensions  of 
the  specimens  with  an  accuracy  better  than  5*10“^.  Measurements  of 
Bragg  curves  for  each  substance  were  repeated  with  several  sets  of 
specimens  making  up  the  filter  F.  The  obtained  values  of  the  paths 
coincide  within  limits  of  errors  of  the  measurements.  To  increase 
the  accuracy  of  determination  of  the  relative  paths,  the  recording 
of  the  functions  B(s)  was  repeated  again  and  again  in  each  series  of 
measurements  for  all  the  substances  studied. 

In  the  measurement  of  the  relative  suppressor  capacities 
quantity  R  for  aluminum  was  determined;  then  one  of  the  specimens 
of  the  aluminum  filter  F  was  replaced  by  the  specimen  of  the  sub¬ 
stance  X  being  investigated,  and  again  the  quantity  R  was  measured. 
This  operation  was  repeated  agin  and  again,  and  the  thickness  of  the 
specimens  was  equivalent  in  suppressor  capacity  to  30  g/cm^  of  Al. 

To  raise  the  accuracy  of  the  measurements,  the  differential 
operating  mode  of  the  ionization  chamber  IK2  was  used:  measured  was 
the  difference  of  currents  in  the  first  and  second  parts  of  the  cham¬ 
ber  separated  by  the  central  electrode  with  a  thickness  of  1.2  g/cm^ 
Cu.  Here,  unlike  the  standard  mode,  voltage  of  the  opposite  sign 
was  applied  to  the  two  external  high-voltage  electrodes  of  the  cham¬ 
ber.  Adjustment  of  the  differential  mode  (compensation  of  currents 
in  the  first  and  second  parts  of  the  chamber)  was  carried  out  by 
changing  the  distance  between  the  central  and  second  high-voltage 
electrodes  of  the  chamber.  The  standard  differential  Bragg  curve 
B'(s)  is  given  on  Fig.  3-  Use  of  the  differential  ionization  chamber, 
together  with  the  increase  in  accuracy  and  speed  of  the  measurements, 
also  makes  it  possible  to  check  the  energy  spectrum  of  the  proton 
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beam.  The  energy  resolution  of  the  differential  chamber  is  sufficient 
to  reveal  the  impurity  of  the  protons,*  the  energy  of  which  differs 
from  the  energy  of  the  main  beam  by  several  MeV  (Fig.  4).  [Footnote* 
As  the  experiments  in  Berkley  showed  [11],  the  derived  beam  can  con¬ 
tain  an  impurity  of  low-energy  protons.] 


Fig.  3.  Differential  Bragg  curve  B'(s)  for  protons  in  copper  when 
E=660  MeV  and  =8  cm.  Solid  curve  -  results  of  the  measurements, 
dashed  curve  is  calculated  by  the  Monte  Carlo  method  [9];  circles  - 
Gaussian  function  with  the  standard  (7)  approximating  the  calculation 
curve  B*(s).  Key:  (1)  relative  units. 

3 •  Shape  of  Bragg  curves. 

Magnitudes  of  paths  R  were  determined  by  comparing  the  measured 
Bragg  curves  and  dependences  B(s)  computed  by  using  formula  (1).  The 
calculation  of  dependences  B(s)  was  done  by  the  Monte  Carlo  method, 
which  considers  the  fluctuations  of  losses  of  energy,  the  scattering 
of  particles  with  respect  to  energy  and  repeated  Coulomb  scattering 
and  the  nuclear  interaction  of  the  particles  [9].  Since  the  effects 
of  scattering  depend  on  the  geometry  of  the  experiment,  calculations 


Calculations  of  functions  B(s)  were  made  for  a  number  of  values 
of  at  different  distances  of  between  the  filter  F  and  central 
electrode  of  the  chamber  IK2.  Figure  5  gives  results  of  the  calcula¬ 
tion  for  copper  with  the  path  of  the  protons  of  =260  g/cm^  and 
f  =4  cm.  As  is  evident  from  the  figure,  when  the  scattering  and 
nuclear  interaction  of  the  suppressing  protons  are  not  considered, 
function  B(s)  virtually  does  not  depend  on  Sr  in  the  vicinity  of  point 
30  =  0.9997  Rqu-  This  value  of  s  corresponds  to  B(so)  =  0.792  B(s)niax,* 
where  B(s)fnax  value  of  the  Bragg  curve  in  the  maximum  (see 

Fig.  2).  [Footnote*:  The  values  of  sq  and  B(sc)  differ  a  little  from 
those  computed  by  Maser  and  Segre,  who  use  the  approximation  function 
dE/ds(s)  in  the  calculations.]  If  we  consider  the  scattering  and 
nuclear  interaction  of  the  protons,  the  intersection  point  of  the 
curves  sq  is  shifted  to  the  region  of  large  paths.  This  shift  weakly 
depends  on  ^  .  Quantity  BCsq)  with  [word  illegible]  /  is  little 
changed.  When  >^>10  cm,  BCsg)  is  rapidly  decreased  with  an  increase 
in  .  A  similar  result  is  obtained  for  other  substances. 

In  a  comparison  the  forms  of  the  measured  and  computed  functions 
of  B(s)  were  normalized  to  unity  in  the  maximum  B(s)inax  were  com¬ 
bined  in  scale  s  at  point  sq.  At  the  same  time,  quantity  a  was 

(frqjn  the  least-square  method) 

varied  (formula  (6)).  The  value  of  »  from  copper^  was  found  equal  to 
^=(3.06+0.09)  g/cm^  Cu  when  [?]=260  g/cm^.  The  calculation  value 
of  (r^-r  [10]  was  used,  and  hence  we  obtain  Ae=(2.8+0.3)  MeV,  which 
concurs  with  data  of  the  direct  measurments  (5).  The  computed  and 
measured  Bragg  curves  agree  well  with  each  other  when  s^R  (Fig.  2). 

In  the  region  up  to  the  maximum  there  is  observed  the  difference  be¬ 
tween  the  curves,  which  is  connected,  possibly,  with  the  approximation 
nature  of  the  calculation  [9]. 

The  following  procedure  was  taken  in  determining  the  paths  accord 
ing  to  the  Bragg  curves:  the  value  of  s'q  corresponding  to  B(so)=0.79 
B(s)niax»  then  there  were  introduced  calculation  corrections  which 

consider  the  initial  shift  of  Asq  of  point  s'q  v:ith  respect  to  s=R, 
taking  into  account  the  scattering  and  nuclear  interaction  of  the 
protons)  and  the  shift  due  to  the  scattering  (A  si)  and  nuclear  inter¬ 
action  (  As2)  in  cm. 


S,  r/cM*  Cu 


Fig.  5.  Shape  of  the  Bragg  curve  B(.s)  in  the  vicinity  of  point  sq  for 
protons  in  copper  when  E  =  660  MeV  and  ^=4  cm.  1,  2,  3  -  er  =4.59,  3.06 
and  1.53  g/cm^  Cu,  respectively,  a  -  calculated  without  taking  into 
account  the  Coulomb  scattering  and  nuclear  interaction  of  protons, 
b  -  taking  Coulomb  scattering  into  account,  c  -  taking  into  account 
the  Coulomb  scattering  and  nuclear  interaction. 

Key :  ( 1 )  g/cm^. 


5.  When  RQ^=260  g/cm^  and  f  =8  cm,  these  corrections  are  equal  to 
0.03%,  0.^1%  and  0.07/5,  respectively;  the  total  correction  of 
8R«A9, 'fAsj  ♦At,  to  the  path  measured  at  point  s’q  is  0.5755.  It 
should  be  noted  that  in  the  measurement  of  the  relative  quantities 
qx  and  Px>  the  precise  selection  of  [word  illegible]  and  determination 
of  the  path  on  the  Bragg  curve  is  not  as  significant  as  that  in  the 
measurement  of  paths  Rx>  since  the  replacement  of  one  substance  by  its 
form  of  the  Bragg  curve  in  the  vicinity  of  s'q  is  insignificantly 
changed. 


Differential  curves  of  Bragg  B'(s)  were  computed  by  the  method 
similar  to  that  described  earlier  (let  us  note  that  B*  ( s);^dB(  s)/ds 
because  of  the  scattering  and  nuclear  interaction  of  the  protons). 

The  calculation  values  of  B'(s)  agree  with  the  measured  curves  when 
s  R  (Fig.  3).  Differences  in  the  curves  in  the  region  s<R  can  be 
explained  both  by  the  inaccuracy  of  the  calculations  and  by  the  in¬ 
sufficiently  compensated  mode  of  the  differential  chamber. 

In  the  region  beyond  the  maximum,  cuves  B’(s)  can  be  approximated 
by  the  Gaussian  function  with  standard  (Fig.  3),  which  at  values 

of  <r  close  to  (6)  is  proportional  to  d*  : 


(7) 


and  the  quantity  k  is  close  to  unity  (for  copper  kr0.91).  The  use  of 
relation  (7)  makes  it  possible  to  determine  the  quantity  ^  on  the 
basis  of  measurements  of  the  differential  Bragg  curve.  For  copper, 
when  R^^=260  g/cm^,  o-  =(3.0*0. 1)  g/cm^  Cu,  which  agrees  with  the 
value  computed  from  formula  (6).  The  position  of  the  maximum  s^  of 
curve  B'(s)  also  depends  on  the  quantity  O’;  however,  this  dependence 
is  weak:  with  an  increase  in  <»'  of  355  (i.e.,  within  limits  of  the  ac¬ 
curacy  of  the  experimental  determination),  the  quantity  s^  is  in¬ 
creased  by  0.01555. 

4 .  Paths  of  the  protons. 

To  determine  the  paths  of  R^  and  relative  paths  of  p^,  several 
series  of  measurements  of  Bragg  curves  were  carried  out.  During  the 
experiment,  which  lasted  for  about  two  years,  the  operating  mode  of 
the  synchrocyclotron  was  repeatedly  retuned,  which  resulted  in  a 
change  in  the  energy  of  the  derived  beam  E.  The  magnitude  of  E  in 
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each  series  of  measurements  was  determined  from  the  proton  path  in 
aluminum;  furthermore,  it  was  monitored  with  an  accuracy  of  0.05  MeV 
on  the  position  of  the  maximum  of  s^  by  the  differential  Bragg  curve, 
which  was  repeatedly  measured  during  a  series  of  measurements. 

In  the  first  series  of  measurements  the  magnitude  of  s'q  for  A1 
was  obtained  equal  to  ( 224t70±0. 07)  g/cm^  Al.  The  correction  to  the 
measured  path  s'g  is  equal  to  R=  ( 0. 88±0 . 08 )  g/cm^  Al.  Hence 

( 225 . 4±0 .  1 )  g/cm2.  Using  I^j^  =  (l60±3)  eV,  we  obtain  E=(660*2)  MeV. 
The  indicated  error  of  E  is  determined  mainly  by  the  error  of  measure¬ 
ment  of  1^2"  subsequent  series  of  measurements,  the  quantity 

E  varied  from  series  to  series  within  660  to  670  MeV.  For  convenience 
of  comparison,  the  obtained  magnitudes  of  p  and  q  are  given  below 
for  one  value  of  energy  at  the  input  to  the  wedge-like  filter  E=660 
MeV. 


Simultaneously  with  the  proton  path  in  copper  R^^  was  mea¬ 

sured  (with  the  use  of  a  copper  wedge).  A  comparison  of  the  obtained 
magnitude  of  with  results  of  preceding  measurements  [4],  where 
simultaneously  with  the  path  of  ^Cu  the  proton  pulse  was  determined, 
showed  that  E=(660*1)  MeV.  The  ratio  IPq^  of  measured  paths  in  alum¬ 
inum  and  copper  (without  taking  corrections  of  R  into  account)  proved 
to  be  equal  to  0.865*0.002.  The  magnitude  of  Pg^  was  measured  also 
by  the  relative  method  with  the  use  of  the  aluminum  wedge  (aluminum 
filter  F  was  replaced  by  copper,  and  values  of  R  were  compared).  In 


this  case  the  proton  energy  at  the  inlet  into  the  filter  F  consisted 
of  E=625  MeV.  The  obtained  value  of  Pg^  by  the  relative  method  (see 
Table  1)  agreed  with  the  value  found  by  comparing  the  total  paths. 


Measurements  of  the  relative  paths  p^  were  made  also  for  graphite  and 
lead  (Table  1). 


[See  Table  1  on  next  page] 
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At  small  't  the  shape  of  the  Bragg  curve  was  virtually  unchanged 
with  replacement  of  one  substance  of  filter  F  by  another.  Thus,  the 
difference  in  magnitudes  of  R^,  determined  by  comparing  the  Bragg 
curves  at  points  0.79  B(s)„_^  and  0.82  B(s)  ,  when  ■£.  =8  cm  consisted 

of  a  total  of  (2-5)  *10^.  With  an  increase  in  -t  the  effects  of  the 
scattering  become  significant,  and  the  difference  is  increased;  when 
^=30  for  p^^  it  is  equal  to  3*10“^. 

5 .  Ionization  energy  losses. 

Measurements  of  relative  ionization  losses  of  energy  were 
taken  for  four  different  positions  of  the  exchanged  specimen  inside 
the  aluminum  filter  F.  Effective  values  of^t^^^  corresponding  to 
these  positions  were  determined  as  =0. 6(E^-E2)+E2,  where  E^  and 

E2  are  proton  energies  at  the  input  and  output  from  the  adjacent 
specimen.  The  obtained  values  of  relative  losses  of  q^  (without  taking 
corrections  for  scattering  of  into  account)  and  q^  are  given  in 

Table  2.  Check  measurements  were  also  made  for  the  quantity 
when  =600  MeV,  when  a  copper  filter  F  and  copper  wedge  werew 

used,  and  a  replacement  of  the  copper  specimen  in  filter  F  by  an 
aluminum  specimen  was  made.  The  difference  in  the  values  of  q^^ 
measured  by  the  two  methods  was  found  equal  to  0.000110.002. 


[See  Table  2  on  next  page.] 


Table  2.  Relative  Ionization  Energy  Losses 
q.  =(dE/ds).  /(dE/ds) . , 


I,I27f),003  I«  11840,003  1,11640,003  1,114^,002 
0,22  ^,03  0,16  4p,02  0,II  ^,02  0,05  jP.OI 
1,29  40,003  1,120^,003  1,117^,003  1,11^,002 


m 


0,858^49,003  0,87240,004  0,87l4p,003  0,87340,002 
-0,67  40,15  -0,48  ^,07  -0,32  ^,04  -0,134p,02 
0,852^,004  0.86849,004  O,868ij9,0C3  0,87240,002 


0,73049,004  0,75249,003  0,75749,003  0,75449,003 
-1,2  ^,3  -0,9  ^,2  -0,6  49,1  -0,20  49,04 
0,721^9,005  0,745i9,004  0,752j9,004  0,753i9,003 


0,637i9,C0S  0,659^9,003  0,66149,003  0,66 

-I»7  40,3  -1,3  49,2  -0,9  jO,Z  -0,26  49,03 

0,62649,005  0,651f),004  0,65549,004  0,66549,00 


Key:  ( 1 )  MeV 
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Fig.  6.  Relative  braking  capabilities  q  = ( dE/ds)  /( dE/ds) . . .  The 

Jv  AX 

circles  show  results  of  measurement  of  q  ,  the  squares  -  l/y^o  with 
the  appropriate  effective  energy  E  and  dark  points  -  data  of 
this  work.  Results  of  other  works  are  indicated  by  brackets.  Mag¬ 
nitudes  of  q^,  obtained  on  beams  of  deuterons  and  particles,  are 
given  in  the  equivalent  energy  of  protons.  Introduced  into  the  data 
of  Bakker  and  Segre  Tl3]  is  the  correction  for  the  multiple  Coulomb 
scattering.  Values  of  q^^  and  qpjj,  when  E=20  MeV,  are  computed  from 
data  with  q^,^  and  ^Cu.  •  [Words  are  illegible]  that  1  =  s.  The  curves 
show  results  of  [words  illegible]  according  to  formula  (1)  with  the 
use  of  corrections  (2)  of  values  [?]  of  potentials,  are  given  in 
Table  3  [?]•  The  [words  illegible]  show  the  corridor  of  errors 
which  correspond  to  [words  illegible]  determination  of  the  relative 
ionization  potentials  X'. 


Figure  6  gives  values  of  found  in  this  work  jointly  with  data 
of  preceding  measurements.  Given  here  are  the  obtained  values  of 
^  with  values  of  effective  energy  =0.6  E  corresponding  to  them. 

As  is  evident  from  this  figure,  values  of  and  qp^,  obtained  by 
the  method  of  photoeraulsion  [11],  exceed  both  the  results  of  the  re¬ 
maining  investigations  and  the  values  of  measured  in  this  work 
and  are  not  decreased  with  energy  E,  as  should  be  in  conformity  with 
(1).  This  divergence  cannot  be  explained  by  the  fact  that  in  the 
work  mentioned  the  correction  S was  not  considered;  it  consists, 
by  our  extimate,  of  not  more  than  0.2%  for  copper  and  0.4%  for  lead, 
and  the  introduction  of  it  does  not  eliminate  the  difference. 

6.  Ionization  Potential  of  Atoms 

The  obtained  values  of  and  q^  were  used  for  determining  the 
relative  ionization  potentials  IA=Iv/Ia i •  Potentials  I  were  found 
by  normalizing  the  values  of  on  the  value  of  the  ionization  poten¬ 
tial  of  aluminum  I^^=160  eV.  Values  of  were  determined  by  taking 
into  account  the  corrections  C  introduced  according  to  the  semi-em- 
pirical  formula  (2)  [Tl  and  corrections  Cj^  and  Cj^  [1]  (with  replace¬ 
ment  of  j3  2  by  ^  [6]). 

The  ionization  potentials  found  from  data  on  relative  paths 
are  given  in  Table  3.  The  errors  pointed  out  in  the  table  corres¬ 
pond  to  experimental  errors  of  determination  of  I ' ,  and  we  do  not 
consider  errors  of  measurements  of  equal  to  1-2%.  As  is  evident 
from  Table  3,  the  introduction  of  corrections  C.j  changes  little  the 
values  of  the  ionization  potentials  for  carbon  and  copper.  In  the 
case  of  lead,  this  correction  is  significant:  the  decrease  in  the 
ionization  potential  connected  with  it  exceeds  the  error  of  its 
measurement . 


Magnitudes  of  ionization  potentials,  found  from  data  on  the  rela¬ 
tive  losses  of  energy  q^  are  given  in  Table  4.  The  relative  ioniza¬ 
tion  potentials  I^^  obtained  in  measurements  of  the  paths  and  losses 
of  energy,  agree  with  each  other  and  coincide  within  limits  of  the 
errors  with  results  of  the  measurements  taken  by  us  earlier  by  the 
method  of  magnetic  spectrometry  [4]  (Table  5).  Table  5  gives  values 
of  potentials  found  by  means  of  the  averaging  of  results  of  measure¬ 
ments  in  the  region  of  high  energies  (E  >100  MeV). 
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Table  3.  Ionization  Potentials  Obtained  from  Data  on  Relative  Paths 
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Key;  (1)  Corrections;  (2)  from  formula  (2);  (3)  Without  correction 

S- 

The  potential  I  as  a  function  of  the  charge  of  nuclei  of  atoms 
of  the  braking  substance  is  described  by  the  empirical  formula 

)  eV  (8) 

( see  Fig.  7 ) . 

By  using  data  of  Table  5  on  values  of  and  corrections  (2), 
the  dependences  of  q  on  energy  E  were  computed.  As  is  evident  from 
Fig.  6,  these  dependences  describe  well  the  experimental  results. 

In  conclusion  let  us  take  this  occasion  to  thank  R.  V.  Bogdanov 
and  D.  A.  Prokoshkin  for  their  conducting  of  the  chemical  analysis 
of  the  substances  used  in  this  work. 


[Tables  4  and  5  and  Fig.  7  on  next  two  pages. ] 


Table  4.  Ionization  Potentials  Obtained  from  Data  on  the  Relative 
Losses  of  Energy 
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Table  5.  Ionization  Potentials  from  data  Obtained  at  High  Energies 
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